We hypothesised that meniscal tears treated with mesenchymal stem cells (MSCs) together with a conventional suturing technique would show improved healing compared with those treated by a conventional suturing technique alone. In a controlled laboratory study 28 adult pigs (56 knees) underwent meniscal procedures after the creation of a radial incision to represent a tear. Group 1 (n = 9) had a radial meniscal tear which was left untreated. In group 2 (n = 19) the incision was repaired with sutures and fibrin glue and in group 3, the experimental group (n = 28), treatment was by MSCs, suturing and fibrin glue.
We hypothesised that meniscal tears treated with mesenchymal stem cells (MSCs) together with a conventional suturing technique would show improved healing compared with those treated by a conventional suturing technique alone. In a controlled laboratory study 28 adult pigs (56 knees) underwent meniscal procedures after the creation of a radial incision to represent a tear. Group 1 (n = 9) had a radial meniscal tear which was left untreated. In group 2 (n = 19) the incision was repaired with sutures and fibrin glue and in group 3, the experimental group (n = 28), treatment was by MSCs, suturing and fibrin glue.
At eight weeks, macroscopic examination of group 1 showed no healing in any specimens. In group 2 no healing was found in 12 specimens and incomplete healing in seven. The experimental group 3 had 21 specimens with complete healing, five with incomplete healing and two with no healing. Between the experimental group and each of the control groups this difference was significant (p < 0.001).
The histological and macroscopic findings showed that the repair of meniscal tears in the avascular zone was significantly improved with MSCs, but that the mechanical properties of the healed menisci remained reduced.
Meniscal injuries are common and most procedures for repair give mixed results. With the advent of arthroscopic surgery, partial meniscectomy, in which only the torn portion is removed, has been commonly undertaken. 1 Removal of the medial meniscus results in a reduction of 50% to 70% of the contact area of the femoral condyle and an increase of 100% in contact stress, 2, 3 with the possibility of degenerative joint disease developing as a result. 4, 5 In an attempt to prevent osteoarthritis, meniscal tears in the peripheral third of the meniscus have been treated successfully using various techniques of repair. 6 However, the avascularity of the central or inner one-third of the meniscus results in poor healing at this site. 6 Tears of the meniscus in this region are generally treated by excision and debridement. Since the introduction of cellular therapy, however, researchers have studied different sources of cells for meniscal repair. 7 Mauck et al 8 evaluated the multipotency of meniscal fibrochondrocytes in vitro. They found that these could be differentiated into chondrocytes, osteocytes and adipocytes, and suggested their use for meniscal repair. Tissue engineering provides a potential means for repair of meniscal tears and possibly meniscal regeneration. 9 Over the last few years mesenchymal-stem-cell (MSC)-based therapies for the regeneration of different tissues have gained acceptance. The importance of MSCs in cell-based therapy has been reported extensively. [10] [11] [12] The use of autologous MSCs also eliminates any potential problem with immunogenicity and rejection. Studies on the pluripotency and plasticity of MSCs show them to be an ideal candidate for possible augmentation of meniscal healing in this central region. [13] [14] [15] We have investigated the use of MSCs to enhance the healing of avascular meniscal tears in a porcine model.
Materials and Methods
The study proposal was accepted by our institution's hospital animal experimental research ethics committee.
Determination of porcine meniscal vascularity. Under general anaesthesia the femoral artery of a one-year-old Yorkshire pig was isolated. A cannula was inserted into the artery and 50 ml of liquid barium sulphate was injected. The pig was killed and the hind limb excised and refrigerated. The following day the menisci were excised and x-rayed. 16 The vascular pattern was compared with that of the human meniscus.
Isolation, culture and ascertaining of MSCs. The ilium of locally bred, one-year-old, Yorkshire pigs was trephined and marrow aspirated from which MSCs were isolated using a validated, published method. 17 The cells were cultured to 1 × 10 6 or 2 × 10 6 during the following two weeks since this number of cells has been found to be the optimum required for the regeneration of joint tissue. 18 Fibrin glue (Tisseel VH Fibrin Sealant, Baxter Healthcare Corporation, Westlake Village, California) was used as a carrier for the stem cells. 19, 20 In order to characterise the pluripotential nature of the stem cells derived from the bone marrow, in vitro studies were performed to induce the cells into osteogenic, chondrogenic and adipogenic lineages as previously described. 19 These cell lines were confirmed by histological staining. We have previously demonstrated that our cultured MSCs, when combined with fibrin glue, can survive and differentiate for up to eight weeks after implantation in a rabbit model.
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Tripotential differentiation of MSCs. Adipogenic differentiation was induced by culturing MSCs for two weeks in adipogenic medium (Dulbecco's Modified Eagle's Media containing 10% Fetal Bovine Serum 1 μM dexamethasone, 0.5 mM isobutylmethylxantine, 10 μg/ml of insulin and 100 μM indometacin) and assessed using an Oil Red O stain (Sigma-Aldrich, St Louis, Missouri). Osteogenic differentiation was induced by culturing the MSCs for two weeks in an osteogenic medium, DMEM containing 10% FBS, 100 nM dexamethasone, 10 mM glycerophosphate and 50 μM ascorbic acid, and examining it for extracellular matrix calcification by Alizarin Red stain (SigmaAldrich). Chondrogenic differentiation was induced using the micromass culture technique. Briefly, 3 × 10 5 cells were pelleted into a 15 ml tube and cultured in chondrogenic medium of DMEM containing 1% FBS, 50 μg/ml of ascorbic acid, 10 ng/ml of transforming growth factor-β1, and 6.25 μg/ml of insulin, for three weeks. Chondrogenesis was confirmed by staining with Toluidine Blue (SigmaAldrich).
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Animal model. There were two control groups and one experimental group. Each pig underwent surgery on both hind limbs under general anaesthesia and received antibiotic prophylaxis. The knee was exposed through a midline incision of approximately 7 cm. Medial and lateral skin flaps were raised and a medial parapatellar approach was used. Excision of excess fat ensured adequate exposure. The patella was subluxed laterally and the knee hyperflexed to improve exposure. The medial meniscus was then incised sharply in an oblique direction starting from the free margin and extending peripherally for two-thirds of its width. The incision was located at the junction of the anterior one-third and posterior two-thirds. One hind limb underwent the treatment operation while the other had one of the two control operations according to randomisation by computergenerated numbers.
In the control group 1 (n = 9) a false operation was performed. The animals had no further treatment of the meniscal tear and the knee was closed in layers using a standard suture. In the control group 2 (n = 19), which served as a true control, the tear was repaired using a nylon monofilament suture (Prolene; Ethicon, Somerville, New Jersey) in a horizontal mattress configuration and an injection of 2 ml of commercially available (Tisseel VH Fibrin Sealant; Baxter Healthcare Corporation) given to the site of the tear. In the experimental group 3 (n = 28), the meniscal tear was repaired with a horizontal mattress suture and an injection of fibrin glue containing at least 1 to 2 × 10 6 cultured autologous MSCs. Each knee was closed in the standard manner using absorbable Vicryl sutures (Ethicon). The animals were allowed to roam freely within their enclosures post-operatively and were given analgesia and antibiotics according to the protocol. Macroscopic and microscopic assessment. A pilot study was conducted prior to the full experiment, using an additional set of eight pigs to determine the optimal time of death. The pilot study followed the treatment protocol in which two each were killed at four, six, eight and 12 weeks. Optimal healing was found to occur macroscopically at eight weeks and no further improvement was seen after an additional four weeks. With the results of the pilot study, the timing of death for the remaining 26 pigs (the two killed at eight weeks in the pilot study were included in the total number of the experimental group) was set at eight weeks.
Menisci from the three groups were examined macroscopically and microscopically by an independent investigator (PFC) blinded to the surgery. The macroscopic results were graded according to the system of Henning, Lynch and Clark 22 whereby healing was compared with the thickness of the cut in the meniscus. Failure was graded as healing < 50%, incomplete healing as > 50% and complete healing was considered as > 90%. For microscopic assessment, the specimens were fixed with paraffin, cryopreserved and sectioned with a microtome parallel to the meniscal surface. They were stained with haematoxylin and eosin for morphological analysis and Masson's trichrome (Both: Sigma-Aldrich) for the presence of cross-linked collagen, and then examined under light microscopy. Biomechanical testing. A total of 12 pigs additional to the 28 in group 3, were allocated for biomechanical testing. From these animals six menisci each were harvested which had been treated according to the control group 1, control group 2 and experiment group 3 protocols with an added normal group, where no procedure was undertaken. These pigs were killed at eight weeks. The menisci were trimmed to form a rhomboid shape for ease of testing and the crosssectional area was determined. The ends of the menisci were stitched to commercially available sandpaper to interface with the toothed vice grip of an Instron 5543 universal materials testing machine (Instron Corporation, Norwood, Massachusetts). Tensile testing of the menisci was performed to determine the mechanical properties. Young's modulus of elasticity 23 was calculated using the cross-sectional area of the specimen and by observing the change in length of the specimen in relation to the tensile force applied. The differences in Young's modulus were statistically compared for variance. Cell labelling and detection. The stem cells isolated and expanded from a further two additional pigs were labelled with commercially available carboxyfluorescein diacetate (Vybrant SFDA SE Cell Tracer, Molecular Probes Inc, Eugene, Oregon). At least 1 × 10 6 labelled cells were combined with Tisseel fibrin glue and administered to a medial meniscal tear created in the left knee of these two pigs in the same manner as for the main study. The tear was repaired with a Prolene suture (Ethibond). The right knee of these two pigs underwent repair of the medial meniscus with a Prolene suture and fibrin glue to serve as a control. At two weeks the pigs were killed and the menisci were removed. The tissue was sectioned, fixed in acetone and the slides were washed in phosphate-buffered saline. They were examined under confocal microscopy (Olympus FV500 model IX70; Olympus, Tokyo, Japan) using a 488 nm argon ion laser for evidence of fluorescence. Statistical analysis. Using the chi-squared test, a sample size calculation concluded that 28 pigs would be required to detect a standard difference of 0.78 between the treatment and control groups with a power of 90% and a 5% significance (p < 0.05). The analysis of results was performed using the Mann-Whitney U test and analysis of variance with SPSS version 13.0 software (SPSS Inc., Chicago, Illinois).
Results
Tripotential differentiation of bone marrow-derived MSC. The tripotential differentiation of expanded porcine MSCs derived from bone-marrow was ascertained by their ability to differentiate into cartilaginous matrix, calciumphosphate mineral and oil-producing chondrocytes, osteoblasts and adipocytes, respectively. Macroscopic. All the pigs were killed at eight weeks. There was complete failure of healing in the nine knees in the control group 1 (Fig. 1a ). There were 12 failures and seven incompletely healed menisci (Fig. 1b) in the control group 2. There was incomplete healing in five menisci and complete healing in 21 in the experimental group 3 (Fig. 1c) . Two showed failure of healing. In the healed menisci a faint indentation was still visible on close inspection but at the repair site a very tight gap was all that remained of the former incision. The difference in the results in the experimental group compared with each control groups (Fig. 1d) was statistically significant (p < 0.001). Histological. In control group 1, failure of healing was obvious. The cut edges of the menisci were lined by a single layer of flattened spindle-like cells with a gap between the two lines of cells (Fig. 2a) . In control group 2, failure of healing gave similar findings to those of control group 1. Incomplete healing had two distinct patterns. There was a central non-healing region with a defect lined by a layer of spindle-like cells and a peripheral area showing healing with collagen and fibrochondrocyte-like and fibroblast-like cells. The residual defect was marked by a line formed by several layers of spindle-like cells (Fig. 2b) . In the experimental group 3 the examples with incomplete healing had the same appearance as those in group 2. Complete healing resulted in a healed defect showing increased cellularity with signs of regeneration at the injured site. The repopulated cells resembled fibrochondrocyte-like cells (Figs 2c  and 2d ) and this re-population with fibrocartilage-like tissue was observed in 21 of the 28 MSC-treated menisci. In some cases the location of the defect was marked by a line formed by several layers of spindle-like cells, but in others this line was not present. At higher magnification a wellorganised matrix was observed in 14 MSC-treated menisci with complete cellularity, fibrochondrocytes being the predominant cells (Fig. 2d ). Masson's trichrome staining of the treated tissue sections showed the presence of collagen in the matrix of the repaired area (Fig. 2e) . Biomechanical testing. The mean modulus of elasticity of the non-violated porcine meniscus was 122.2N (SD 20) . In control group 1 the mean modulus was 0.1 N, in control group 2 it was 3.4 N and in the experimental group 3 it was 1.5 N. Comparison between the mean modulus of elasticity showed that there was a significant improvement in the experimental group compared with the control groups 1 (p < 0.001 and 2 (p < 0.002; Fig. 3) . Results of confocal microscopy. Fluorescence was noted in the MSC-treated menisci. This reflected the presence of carboxyfluorescein diacetate-labelled stem cells in the specimen (Fig. 4) . Fluorescence was absent from the control group 2 menisci.
Discussion
We have shown the ability of MSCs to enhance meniscal repair in the knee in a porcine model. In clinical practice acceleration in the healing time after meniscal repair would be beneficial in allowing an earlier return to an active lifestyle.
There have been attempts to augment the healing process in meniscal tears in the avascular zone by the creation of vascular access channels (trephination), the application of fibrin clots, synovial tissue grafting and the use of growth factors. [24] [25] [26] [27] Although the results have been promising, complete restoration of the native meniscus has not yet been accomplished. However, these methods have some disadvantages since native meniscal tissue can be damaged by trephination and healing is achieved by fibrovascular scarring, rather than by the formation of fibrocartilage.
The transplantation of articular chondrocytes seeded on to devitalised meniscal slices and into a meniscal lesion has resulted in the good integration of the scaffold material into the native meniscus. This has promoted the formation of new cartilage matrix in numerous areas. 28 These results indicate the potential of a cell-based treatment to repair a tear in the avascular zone of the meniscus. However, the extracellular matrix synthesised by the articular chondrocyte differs from that of the meniscal chondrocyte in both composition and biomechanical properties. Therefore the THE JOURNAL OF BONE AND JOINT SURGERY utilisation of a different cell source, such as meniscal fibrochondrocytes may be beneficial. 8 With their ability to form several tissue types, their expandability and their plasticity MSCs bring great promise, especially in musculoskeletal tissue regeneration. 29, 30 Apart from the ability of MSCs to differentiate into various mesenchymal lineages, the intrinsic secretory activity of MSCs also establishes a regenerative microenvironment at sites of tissue injury or damage. MSCs secrete bioactive factors which inhibit scarring and apoptosis and stimulate angiogenesis and mitosis of tissue-intrinsic stem or progenitor cells. 31 Autologous MSCs can be obtained from bone marrow without the necessity for an additional arthroscopic procedure to harvest meniscal tissue, thus lowering the risk of further impairment to the normal meniscus.
The ability of MSCs to regenerate meniscal tissue was first explored using an ex vivo organ-culture system 14, 32 in which MSCs derived from rat bone marrow were transplanted into the defects of an explanted meniscus. These underwent in vitro culture to assess their ability to proliferate and to synthesise extracellular matrix. The in vivo repair of a meniscal defect by MSCs was first attempted by Angele et al 33 on a critical-size defect in the medial meniscus in a rabbit model. It was found that the repair of the meniscal defect with pre-cultured MSC-scaffold implants integrated with the host tissue and formed meniscus-like fibrocartilaginous tissue. A scaffold comprised of esterified hyaluronan and hydrolysed collagen was used loaded with MSCs, which had been pre-cultured in chondrogenic medium before insertion into the defect. This resulted in significantly better filling of the meniscal defect and meniscal regeneration compared with the repair after implantation of cell-free composites.
We have used a large animal model whereas earlier studies have used small mammals 14, 32, 34 which are known to have an increased healing potential, compared with that of the human. Extrapolation of such results to a human situation may therefore not be appropriate. The pig is more closely comparable with the human in terms of healing 
THE JOURNAL OF BONE AND JOINT SURGERY potential, anatomical structure, and is closer in weight. Our results of microangiography of the porcine meniscus showed that the vascular pattern was similar to that of the human meniscus with a central avascular zone. Similar results have been published by Peretti et al. 28 In contrast to most previous studies which used contained or punchedout lesions 32, 34 we created a meniscal beak tear since this is a common pattern of clinical presentation. Beak tears are considered to be uncontained since they extend to the inner margin of the meniscus. As such, there is poorer healing potential for these tears compared with other patterns of meniscal tear.
We found that the introduction of MSCs into the tears in the avascular zone of the porcine meniscus produced macroscopic and microscopic healing. Normal meniscal tissue demonstrates both fibroblastic and fibrochondrocytic features which vary in different parts of the meniscus. Fibrocartilage-like tissue was observed in the completely healed menisci after MSC treatment. The pattern of cellularity and formation of collagen matrix in those menisci suggests that the regeneration was due to the MSCs. Increased cellularity showed healing in progress and the predominant cells found were fibroblasts and fibrochondrocytes. Well-organised collagen was also found in the MSC-treated menisci. By comparison, in the absence of MSC, failure of healing was common and the only healing which occurred was incomplete.
Macroscopic healing must be accompanied by the reestablishment of the mechanical properties of the meniscus. Biomechanical testing of our healed menisci showed a significant biomechanical improvement in the MSC-treated menisci compared with those in which no MSCs had been applied. However, the improvement only constituted about 25% of the normal biomechanical properties as expressed by Young's modulus. A study by Newman et al, 23 has shown the use of mechanical testing for the functionality assessment of the repaired meniscus in the dog. However, the study only included menisci repaired by suture and the repaired meniscus healed with fibrovascular scar tissue after 26 weeks, with little resistance to compressive displacement.
Our study has shown that avascular meniscal tears treated with autologous MSCs in the porcine model can achieve good macroscopic healing with the formation of fibrocartilage-like tissue and improved biomechanical properties. Our time limit of eight weeks could be one limitation of the study, since the determination of the duration for optimal healing was based purely on gross macroscopic evaluation. It is possible that after eight weeks a more mature type of fibrochondrocyte tissue would provide better biomechanical results. It was noted in a clinical study by Henderson et al 35 using autologous chondrocytes to manage focal articular defects of the knee, that limited shortterm gain at three months was followed by signs of improvement at 12 and 24 months. This could have been due to the early post-operative inflammatory process impeding the differentiation of the transplanted cells. Therefore, longer follow-up may be appropriate to define the healing pattern and to establish the safety of administered MSCs in vivo. Future studies should examine the long-term effects of in vivo transplanted MSCs to determine the possible better long-term benefit of our Confocal microscopy at two weeks showing carboxyfluorescein diacetate-labelled mesenchymal stem cells in the treated meniscus producing fluorescence.
approach, and exclude any risk of malignancy. Further improvement in the performance of transplanted MSCs may include using a scaffold other than the fibrin glue used in our study, and the provision of a bioactive factor together with the MSC/scaffold implant, may enhance the repair further.
